Localization and quantification studies were carried out on bay-scallop (Aequipecten irradians) striated-muscle troponin C-and troponin I-like proteins. Indirect immunofluorescence microscopy of scallop myofibrils stained with either rabbit anti-(scallop troponin I) or anti-(scallop troponin C) antibodies shows staining of all I-bands observed. The results of quantification studies using sodium dodecyl sulphate/polyacrylamide-gel electrophoresis of untreated scallop myofibrils, washed scallop myofibrils, and isolated scallop thin filaments indicate an actin/tropomyosin/troponin-C molar ratio of 7:1:1. The molar ratio for troponin I could not be determined in untreated myofibrils because of interfering bands; in washed myofibrils a value of 0.6 mol of troponin I/mol of tropomyosin was found. Purified scallop troponin C binds Ca2+ and interacts with scallop troponin I to relieve troponin I-induced inhibition of actomyosin ATPase. Although scallop troponin C is an acidic protein, it appears to be less acidic than troponin C from higher organisms. A calmodulin-like protein has been isolated from scallop striated muscle that activates bovine brain phosphodiesterase to the same extent as does brain calmodulin. Its amino acid composition and its electrophoretic mobility on alkaline 6 M-urea/polyacrylamide gels differs from that of scallop troponin C, and it appears not to be associated with thin filaments.
The regulation of contraction of molluscan muscle by Ca2+ was previously believed to be solely thick-filament-linked, a function of the myosin molecule. However, the discovery of troponin-like proteins in the striated muscles of the bay scallop (4equipecten irradians) (Lehman & Szent-Gyorgyi, 1975; Goldberg & Lehman, 1978) and mantle muscle of the squid Ommastrephes sloani pacificus (Konno, 1978; Tsuchiya et al., 1978) suggests that a thin-filament-linked regulatory system may be also present, and, in common with many other invertebrates, a dual-linked regulatory system may exist in these molluscs.
Molluscan troponin, like vertebrate troponin, appears to consist of a number of subunits. In vertebrate skeletal muscle, where the mechanism of troponin action has been well characterized, each troponin complex, consisting of three subunits, acts in conjunction with a second thin-filament component, tropomyosin, to control actomyosin ATPase. Reconstitution studies in vitro using troponin from the bay scallop shows that this protein is also able to regulate vertebrate actomyosin ATPase. In the Abbreviations used: Mg-ATPase, Mg2+-activated actomyosin adenosine triphosphatase; SDS, sodium dodecyl sulphate; IgG, immunoglobulin G. vertebrate system, deficiencies in either troponin or tropomyosin, or both, diminish the calcium-dependency of the actomyosin interaction. Whereas comparable amounts of tropomyosin are present in both vertebrate and molluscan muscles, previous estimates have suggested that troponin may be present in molluscan muscle in decreased amounts (Lehman & Szent-Gy6rgyi, 1975; Szent-Gy6rgyi, 1976) . If this were correct, then either the troponin in molluscs would be non-functional or functioning by a mechanism distinct from the vertebrate model. The aim of the present study was therefore to determine if troponin in molluscan muscle is present in amounts comparable with troponin in vertebrate muscle and whether its localization and properties would enable it to function in the same manner as the vertebrate troponin.
Materials and Methods Preparation ofscallop proteins
The striated adductor muscles of live bay scallops (Aequipecten irradians) were dissected free of smooth muscle, and used in the preparations described below. These preparations were carried out between 0 and 40C. Myofibrils. So-called 'unwashed myofibrils' were prepared by homogenizing three scallop muscles for 6-10s in 60ml of 0.3 M-sucrose/0.1 M-NaCI/1 mmMgCl2 / 1 mM-EGTA / 1 mM-NaN3 / 10mM-sodium phosphate buffer, pH 7.0, with a Sorvall OmniMixer. 'Washed myofibrils' were prepared as described previously (Lehman, 1977) .
Native and synthetic thin filaments. Native thin filaments were isolated by differential centrifugation as described by Goldberg & Lehman (1978) . Synthetic thin filaments were prepared by allowing scallop troponin-tropomyosin to form a complex with rabbit actin (Goldberg & Lehman, 1978) .
Actin. Purified actin was extracted from native thin filaments by selectively removing troponintropomyosin at high ionic strength (Spudich & Watt, 1971; .
Tropomyosin. Tropomyosin was prepared as described by Lehman et al. (1976) .
Troponin C. Troponin C was prepared from native thin filaments by first dissolving the filaments in 6M-urea/0.03% 2-mercaptoethanol/lOmMsodium acetate buffer, pH 5.0. This solution was then applied to a 10ml column of SP(sulphopropyl)-Sephadex C-50 equilibrated with the above solution. Troponin C, tropomyosin and actin are not bound and were eluted with three times the void volume. The urea in the eluate was removed by dialysis against 15 mM-2-mercaptoethanol and the sample freeze-dried and redissolved in 1 ml of 15 mM-2-mercaptoethanol/l0OmM-NaCl/1 mm-EDTA/20mM-Tris buffer, pH 7.8. Troponin C was then isolated by chromatography on a column (1.5cm x 90cm) of Sephadex G-100 equilibrated with the above solution, and was the last protein eluted. The troponin C was dialysed against 5mM-NaCl, freeze-dried, redissolved in 1-2ml of water and redialysed against 50mM-NaCl. This procedure yields approx. 200-400,g of troponin C from eight to ten muscles.
Troponin L Troponin I was prepared as described by Goldberg & Lehman (1978) .
Calmodulin. Washed myofibrils from five to eight muscles were sedimented and homogenized in 80ml of 1O0mM-NaCl / 1 mM-EDTA /6 M-urea/ 10mM-sodium phosphate buffer, pH 7.0. Particulate material was removed by centrifugation at 40000g for 10 min and the pH of the supernatant adjusted to 6.0 with 1 M-HCl. DEAE-Sephadex A-50 (250 mg), which bound acidic proteins, was added with stirring. The Sephadex was subsequently collected by sedimentation at 3000g for 5min and redispersed in the above solution (pH 6.0). Sedimentation and resuspension steps were repeated three times more to remove unbound material. The bound proteins were recovered from the Sephadex by sedimentation in the same solution containing 0.6 M-NaCl. Sp-Sephadex C-50 (250 mg) was added to the supernatant, and this was then dialysed against 90mM-NaCl/1 mM-EDTA/6 M-urea/10 mMsodium acetate buffer, pH5.0. The Sephadex was removed by sedimentation at 3000g for 5min and the supernatant dialysed against lmM-CaCl2/6M-urea/ 5 mM-2-mercaptoethanol/20 mM-Tris buffer, pH 7.8. The solution was applied to an affinity column (2.5 cm x 7.5 cm) containing rabbit troponin I covalently bound to Sepharose 4B (Head et al., 1977b) (1942) by using the modification described by Drabikowski & Gergely (1964) . Rabbit tropomyosin was extracted and purified by the method described by Bailey (1948) as modified by Lehman & Szent-Gyorgyi (1972) . Ca2+-insensitive rabbit myosin was prepared from longissimus dorsi muscle as described by Szent-Gy6rgyi (1951) and Mommaerts & Parrish (1951) . Rabbit troponin C was prepared from whole troponin as described by Greaser & Gergely (1971 rabbit re-injected once each week for 6 weeks. In the first two injections, the suspension was emulsified with 3 ml of Freund's complete adjuvant. After 7 weeks, blood was taken from an ear vein; the blood was alowed to clot at 40C for 12-16h and serum separated by sedimentation at 3000g for 20min.
Analysis
Electrophoresis. SDS/polyacrylamide-disc-gel electrophoresis was performed as described by Weber & Osborn (1969) . The gels were stained and destained as described by Szent-Gyorgyi et al. (1973) . Densitometric scanning (at 640nm) of Fast Green (Fisher-FCF)-stained gels was performed on a Gilford 240 spectrophotometer with a linear transport adaptor and a Beckman DU monochromator.
Relative dye-binding constants of purified proteins were measured as described previously (Lehman et al., 1976) . The relative stain intensities of different proteins contained in scallop myofibrils and thin filaments were determined similarly from gel scans.
In myofibrilar preparations, resolution of troponin C (18000 daltons) from myosin light chains (17000 daltons) was most successful with 6-cm-long SDS/12.5% polyacrylamide gels (run for 4h at 5V), and this system was used to determine relative stain intensities of scallop actin, tropomyosin and troponin C bands. (Some overlap of troponin C and light-chain peaks occurs in this system; determination of the shape of light-chain peaks, on gels of purified scallop myosin, shows it is reasonable to extrapolate the trailing edge of the light-chain peak to the baseline, the troponin C peak being isolated for determination.) On 12.5% polyacrylamide gels the troponin I band is diffuse and not readily resolved; however, this protein can be easily distinguished by using 10% polyacrylamide gels (run for 2.5 h at 50V), and this system was used to determine the relative intensity of troponin I and tropomyosin.
A second electrophoretic technique, alkaline-gel electrophoresis, was used in many of our studies with gels containing either 1 M-or 6 M-urea and 8% polyacrylamide, as described by Head & Perry (1974) . Samples electrophoresed (0.5 h at 200V) in the presence of Ca2+ contained 5 mM-CaCl2; those in the absence of Ca2+ contained 5 mM-EGTA.
Protein determination. Protein concentration, used in determining dye-binding constants, was measured by micro-Nesslerization, with (NH4)2SO4 standards (Strauch, 1965) and assuming that protein samples contain 16% N. Since the dye-binding constants of scalop and rabbit troponins C were found to be the same, the protein concentration of scallop troponin C used in Ca2+-binding and enzymic studies could be determined by densitometric gel Vol. 187 scanning with rabbit troponin C standards. For general purposes, protein concentration was determined by the method of Lowry et al. (1951) .
Assays. The actomyosin Mg-ATPase was measured by the pH-stat method described previously (Szent-Gyorgyi et al., 1971; Goldberg & Lehman, 1978) . Cyclic AMP phosphodiesterase activity was measured by the method of Boudreau & Drummond (1975) . Ca2+ binding was determined by using equilibrium dialysis, in the presence of 0.1 mmCaCl2 and 1 mM-MgCl2, the method of Head et al. (1979) being used.
Immunodiffusion. Antisera were tested for reaction with antigens by the Ouchterlony (1953) immunodiffusion method. 5 cm-square glass plates were filled with 5 ml of 1% agarose dissolved in 145 mM-NaCl/0.5 mM-NaN3/10mM-sodium phosphate buffer, pH 7.0, and wells punched out with a spacing of 0.5 cm. Antisera (30-60p1) and various amounts of antigens were placed into the wells. Precipitin arcs developed within 2 days. Plates were then washed with 0.15 M-NaCl/10 mM-sodium phosphate buffer, pH 7.0, for 12-16h, followed by a 2h wash with distilled water. The plates were air-dried and finally stained with Coomassie Brilliant Blue R. (Fig. lb) and also on alkaline 1M-and 6M-urea/polyacrylamide gels (Figs. 2a and 2d) .
Although rabbit skeletal-muscle troponin C binds four Ca2+ ions per molecule, our preliminary Ca2+-binding studies indicate that the scallop protein binds only one Ca2+ ion per molecule (measured in 0.1 mM-CaCl2/1 mM-MgCl2/mOOMMNaCl/lOmM-imidazole buffer, pH 7.0).
The amino-acid compositions of rabbit, king crab (Limulus) and scallop troponin C are shown in Table 1 . Whereas the three proteins have a high phenylalanine/tyrosine ratio, characteristic of troponin C, the (Glx + Asx)/(Lys + Arg) ratio, high in rabbit and king crab, is lower in scallop troponin Table 1 . Amino-acid compositions oftroponin C-like proteins and scallop troponin I Values are mol of amino acid/mol of protein in 24h hydrolysates, mol.wts. of 18000 for troponin C-like proteins and 23000 for troponin I being assumed. Values for scallop troponin C are averages for three preparations; those for scallop calmodulin are from a single preparation; for king-crab troponin C and scallop troponin-I, averages of two preparations; for rabbit troponin C and bovine calmodulin, from sequence data (Collins, 1974; Vanaman et al., 1977 Electrophoresis carried out under alkaline conditions gives additional insight into the similarities and differences between rabbit and scallop troponin C. Both proteins migrate at the same rate on alkaline 1 M-urea/polyacrylamide gels; however, on alkaline 6 M-urea/polyacrylamide gels the electrophoretic mobility of rabbit troponin C is greater (Fig. 2) . Their co-migration in 1 M-urea probably results from similar conformation and size, masking any charge differences. The difference in migration in 6 M-urea presumably reflects either dissimilarity in number or exposure of charged residues, as would be expected of proteins with differing acidities, or differences in susceptibility to urea denaturation and associated changes in conformation.
Electrophoresis of 1 M-urea extracts of scallop myofibrils and thin filaments on alkaline 1 Murea/polyacrylamide gels yields different band patterns if Ca2+ is present or absent. A rapidly migrating band, with the mobility of scallop troponin C, is found in extracts containing EGTA, whereas this band is substantially weaker in intensity when these extracts contain Cal+ (Fig. 3) . In contrast, the same electrophoretic pattern is obtained for molluscan muscle extracts in 6M-urea, whether Ca2+ is present or not (Head et al., 1977b ; also confirmed in the present study).
We showed previously that scallop muscle contains a troponin I-like component that causes a Ca2+-independent inhibition of vertebrate actomyosin ATPase (Goldberg & Lehman, 1978;  Table 2b of the present paper). In the present study we have found that addition of scallop troponin C-like protein to the troponin I-inhibited ATPase relieves this inhibition without conferring a Ca2+-dependence (Table 2c ). This effect is analogous to that of vertebrate troponin C and troponin I on actomyosin assayed in the absence of troponin T. We have not, as yet, succeeded in purifying the scallop 'troponin T-like' protein and therefore have not been able to reconstitute and assay the entire troponin-like complex.
Scallop calmodulin
We have also isolated another 18000-dalton protein from scallop muscle by using vertebrate troponin I-Sepharose 4B affinity columns. The protein forms a stable complex with vertebrate troponin I in 6 M-urea in the presence of Ca2+ and dissociates from the troponin I in EGTA (Fig. 4) . Such behaviour is an attribute of both vertebrate troponin C and the structurally related protein, calmodulin (Head et al., 1979 Table 2 . Effect ofscallop troponin I and troponin C on rabbit actomyosin A TPase ATPase activity was assayed in 30mM-NaCl/3 mM-MgCl2/0.7 mM-ATP containing either 0.1 mM-EGTA (+EGTA) or 0.1 mM-EGTA/0.2 mM-CaCl2 (+Ca2+); activity is expressed in umol of ATP cleaved/min per mg of rabbit myosin. using the affinity-column method, but have been unable to obtain the protein from thin filaments with the same method. This result suggests the protein is distinct from scallop troponin C. The amino-acid composition also differs from that of the troponin C-like protein isolated directly from thin filaments [ Table 1 ; e.g. the (Glx + Asx)/(Lys + Arg) ratio is higher than for the troponin C-like protein]. Moreover, it migrates with the mobility of rabbit troponin C and more rapidly than scallop troponin C, on alkaline 6 M-urea/polyacrylamide gels. Immunodiffusion studies also show that antisera prepared against scallop troponin C-like protein do not cross-react with this protein (Fig. 5) .
Studies Lower right: a, scallop troponin C (1,ug); b, scallop troponin C (2,ug); c, lobster troponin C (2,ug); d, king-crab troponin C (2,g). Myofibrils and thin filaments were dissolved in 8M-urea before application to wells. the enzyme's activity Ca2+-dependent (Fig. 6) . Control studies show no enhancement of activity when scallop troponin C is substituted for calmodulin. Scallop troponin I The purification and partial characterization of scallop troponin I was described previously (Goldberg & Lehman, 1978) . In the present study we have determined its amino-acid composition (Table 1) , and, in common with vertebrate troponin I, we find it to be a relatively basic protein.
Localization oftroponin components
We have prepared rabbit antisera against purified scallop troponin C and purified scallop troponin I. Immunodiffusion studies show the formation of a single precipitin arc when anti-(scallop troponin C) antiserum is diffused against scallop troponin C or against extracts of scallop thin filaments or myofibrils. No reaction is observed with scallop actin, tropomyosin or troponin I, i.e. the other components of the thin filaments. The antiserum also does not cross-react with troponin C from rabbit, king crab or lobster (Homarus) (Fig. 5) . Rabbit anti-(scallop troponin I) also shows specificity for the troponin I, forming a single precipitin line against purified scallop troponin I and against extracts of scallop thin filaments or myofibrils (Fig. 7) . It shows no cross-reaction with scallop actin, tropomyosin or troponin C, nor with rabbit or lobster troponin I.
The technique of indirect immunofluorescence staining was used to localize troponin C and troponin I in scallop myofibrils. In Fig. 8 , paired phase-contrast and fluoresence micrographs show Vol. 187 
Quantification ofthin-filament components
To ascertain if the molar ratios of the scallop thin-filament components are similar to the stoichiometry found in vertebrate muscle, determination of the weight ratios of the components in the intact scallop thin filament and their molecular weights is needed. The molecular weights of scallop actin, tropomyosin, troponin C and troponin I have been defined previously (Lehman & Goldberg, 1978) . In the present study we have determined the weight ratios of these proteins by using quantitative polyacrylamide-gel densitometry, the stain intensity ratios of the respective electrophoretic bands being measured. Since each protein binds a different amount of dye per unit weight, we have purified each protein ( Fig. 1) and determined dye-binding constants for each (Table 3) .
Actin, tropomyosin and troponin C bands can be resolved densitometrically on SDS/polyacrylamide Relative stain intensities were therefore determined for these proteins in each of the three types of preparations (Table 3) . On the basis of these values, the molar ratio actin/tropomyosin/troponin C was calculated to be 7: 1: 1.
In unwashed myofibrils we were unable to measure scallop troponin I on SDS/polyacrylamide gels, because of the closely migrating so-called 'soluble Ca2+-binding protein' identified by Lehman & Szent-Gy6rgyi (1975 
Discussion
In a previous investigation (Goldberg & Lehman, 1978) we isolated proteins from the bay scallop that bind to actin and confer Ca2+-dependency on vertebrate actomyosin ATPase. The proteins, also found on native thin filaments, consist of tropomyosin and three additional components (mol.wts. 180000, 23000, 55000), possibly troponin subunits. The conclusion that the latter proteins may represent troponin subunits was supported by results on the purified 23000-dalton component, which behaves like vertebrate troponin I and inhibits vertebrate actomyosin ATPase. The component also interacts with vertebrate troponin C and troponin T, and the hybrid complex confers a Ca2+-dependence on actomyosin ATPase. We have continued this work and, in the present study, have purified the 18000-dalton component, which appears to be analogous to vertebrate troponin C. It is an acidic protein that binds Ca2+ and relieves the inhibition of actomyosin ATPase by troponin I.
Although scallop troponin C is an acidic protein, it appears to be somewhat less acidic than the troponin C in higher organisms. Since the molluscan phylum developed earlier in evolution than the vertebrate and arthropod phyla, the molluscan troponin C may be more closely related to an archetypal protein. Knowledge of the amino-acid sequence of scallop troponin C would therefore be of great interest in understanding the evolution of the protein.
We have found that the apparently ubiquitous protein calmodulin also exists in scallop muscle. Calmodulin has been described in vertebrate smooth and striated muscles (Head et al., 1977a; Dabrowska et al., 1978; Yagi et al., 1978; Nairn & Perry, 1979) and has been implicated as an activator of myosin light-chain kinases in these muscles (Dabrowska et al., 1978; Yagi et al., 1978; Nairn & Perry, 1979) . In the present study we have been principally concerned with ensuring that scallop calmodulin and scallop troponin C are distinct proteins and have not attempted to evaluate the functional role of calmodulin in scallop muscles.
Vertebrate troponin I and troponin C form a stable complex in 6 M-urea and in the presence of Ca2+, which dissociates in EGTA. Since this property can be easily demonstrated by alkaline-gel electrophoresis and is also manifested by crude extracts containing troponin C and troponin I, it has been used as an indicator for the presence of vertebrate troponin-like proteins (Head & Perry, 1974) . Similar experiments carried out on molluscan and other invertebrate muscles failed to detect Ca2+-dependent complex-formation in 6 M-urea (Head et al., 1977b) . In molluscs, such complexes are apparently not stable at this urea concentration; however, in 1 M-urea, gel electrophoresis shows the troponin C-like protein to be associated with other thin-filament proteins in the presence of Ca2+ and dissociated in EGTA. Hence, alkaline 1 M-urea/polyacrylamide-gel electrophoresis may be a simple technique, useful for testing the presence of troponin in invertebrates. Preliminary experiments on lobster muscle show the same behaviour as observed in scallop.
Quantitative SDS/polyacrylamide-gel electrophoresis has been used to determine the stoichiometry of troponin-like subunits in scallop preparations, purified proteins being used as standards. We find a molar ratio of 7:1: 1 for actin/tropomyosin/troponin C-like protein in preparations of untreated myofibrils, washed myofibrils and isolated native thin filaments. The consistency of this ratio in the three types of preparation indicates that the troponin C-like protein is not washed from the thin filaments during preparation. It also suggests that the procedure used for isolating thin filaments does not enrich for a specific population containing troponin. We believe that insufficient amounts of calmodulin are present to affect significantly the measurement of troponin C in the myofibril preparations. In thin-filament preparations we did not detect any calmodulin with the 6M-urea/polyacrylamide-gel-electrophoresis system, which separates scallop troponin C from calmodulin.
If we assume the value for troponin C to be a measure of the entire troponin-like complex, then the data suggest a model very similar to that of vertebrate striated muscle, where there is also one tropomyosin and one troponin complex interacting with seven actin monomers along the thin filament. However, measurements of scallop troponin I content are more difficult to interpret. The quantity of troponin I-like protein could not be determined with accuracy in untreated myofibrils because of interfering proteins on SDS/polyacrylamide gels; in washed myofibrils, the amount was consistently found to be 0.6mol/mol of tropomyosin. The value is lower than that found for scallop troponin C-like protein and lower than that expected from the vertebrate model. At present we have no satisfactory explanation for the non-integral stoichiometry. It is possible that proteolysis or extraction during washing may have decreased the amount of Vol. 187 455 troponin I present. Such effects might also explain the variability in results obtained by using thinfilament preparations.
Localization studies using indirect immunofluorescence staining with antibodies prepared against scallop troponin I and troponin C show staining of I-bands on all scallop myofibrils examined, indicating the presence of these proteins on the thin filament in the intact myofibril.
We believe that the results of our investigations, taken together, provide strong evidence for the existence of a thin-filament-linked regulatory system in the striated muscle of the bay scallop.
